Brittle-to-ductile transitions (BDT) in fine-grained Ti added ultra-low carbon steels were investigated. Temperature dependences of impact absorbed energy were measured using specimens with grain sizes of 0.4, 2, 9 and 70 µm of which the grain sizes were controlled by heat treatments after five cycles of accumulative roll-bonding process. Although the BDT temperatures were decreased with the decrease in the grain size, the shape of BDT curves in fine-grained steels are different from those of coarse grains. Specimens with coarse grains show abrupt increase in the absorbed energy at the BDT temperature while fine-grained steels exhibit slight jump of absorbed energy at the BDT temperature and then the energy gradually increases with temperature, showing the enhancement of toughness at low temperatures in fine-grained steels. In the present paper, the characteristic BDT in fine-grained steels was discussed in terms of the thermally activated process of dislocation glide.
Introduction
Strength and toughness are one of the most important mechanical properties for structural materials. Those mechanical properties generally show trade-off relation each other, that is, materials with higher yield stress exhibit lower toughness. The trend breaks down in bulk nanostructured materials, which have sub-micron grains, exhibiting high yield stress and improved toughness especially at low temperatures.
1) It indicates that brittle-to-ductile transition (BDT) temperature in bulk nanostructured metals is lower than those with coarse grains.
The mechanism behind the BDT has been investigated using mainly single crystals.
26) It was revealed that the BDT is controlled by dislocation glide, which derived from the fact that the activation energy obtained from the deformation rate dependence of the BDT temperature is close to those for dislocation glide. It is also reveled that the increase in fracture toughness is resulted from the stress accommodation around a crack tip by dislocations emitted from the crack tip, which is called dislocation shielding. 79) In the dislocation shielding theory, the amount of stress accommodation at the crack tip depends on how much dislocations can be emitted from the crack tip. It indicates that the more number of dislocations emitted from the crack tip, the lower BDT temperatures. If the theory was simply applied to the situation around the crack tip in bulk nanostructured metals, the BDT temperature would be higher because dislocations emitted from the crack tip shortly collide with grain boundaries to pile up and then the pilling-up dislocations prohibit subsequent dislocation emissions from the crack tip. 10) It indicates that it is necessary to consider another mechanism behind the BDT in the shielding theory in order to explain the decrease in the BDT temperature in bulk nanostructured (fine-grained) metals. In the present study, therefore, the BDT in bulk nanostructured metals was investigated, measuring the temperature dependence of absorbed impact energy of specimens with different grain sizes. The effects of grain boundaries on the BDT were discussed.
Experimental Procedures
Ti added ultra-low carbon steel was employed. Since the BDT temperature of ultra-low carbon steels is too low for our equipment available, 0.009 mass% P was added to increase the BDT temperature of the steels. The chemical composition of the materials is shown in Table 1 . Cold-rolled sheets of 80% reduction were employed as the starting materials. After degreasing and wire-brushing one surface of each sheet, two pieces of 1 mm thick sheet were stacked, resulting in a thickness of 2 mm, and were spot-welded at their front and back ends. The stacked set of sheets was held at 773 K for 900 s in a furnace and then roll-bonded by approximately 50% reduction in thickness. The ARB process was repeated for 5 times. The equivalent strain introduced was 3.7. The sheets were annealed after the ARB process to obtain specimens with various grain sizes, the detail of which is shown in Table 2 .
1 © 1 © 23 mm 3 bars were prepared from the roll-bonded sheets for subsequent miniature impact tests. A V-shaped notch with a depth of 300 µm was introduced perpendicular to the transverse direction (TD) at the middle of the tensile surface. The curvature radius at the notch tip was about 0.1 mm. Impact absorbed energy was measured between 100 K to 373 K with the blade speed of 200, 20 and 2 m/min, respectively.
Results and Discussion
Figures 1(a)1(f ) show back-scattered electron images of specimens as ARB processed and those after annealing seeing from transvers directions. Mean grain sizes in (a)(f ) were found to be 0.1, 0.3, 0.4, 2, 9 and 70 µm, where the grain size is defined as a shorter diameter in the grain in case they elongated to the rolling direction. Grains in (a) are obviously elongated to the rolling direction and those in (b) are more equiaxed which indicates recrystallization started. 
where ¾ 0 is a constant, E BDT is the activation energy for the controlling process of the BDT, k is Boltzmann constant. Arrhenius plotting of the BDT temperature gives the activation energy in eq. (1). Figure 3(b) shows an Arrhenius plot obtained from the deformation rate dependence of the BDT temperature in Fig. 3(a) . The slope gives the activation energy of 0.14 « 0.01 eV where error bars in the figure are from the errors of BDT temperatures due to the data points of temperature are discrete in Fig. 3(a) .
The value of activation energy is considered to be that for dislocation glide. Taking into account that the activation energy for dislocation glide is a liner function with respect to temperature, the activation energy obtained in Fig. 3(b) is the value of the activation energy for dislocation glide at the onset of the BDT. Figure 4 shows schematic drawings of the general shape of short range obstacles, i.e., Peierls potential, which screw dislocations overcome as a thermally activated process. It exhibits the relationship among the activation energy for dislocation glide (G), temperature (T ), deformation rate (_ ¾) and effective stress on dislocations (¸e). The vertical axis indicates force on dislocations of length L while the horizontal axis indicates the distance perpendicular to the direction lines which dislocations need to overcome during the thermally activated process. The shape of the potential is now given by F(x) where x is a position in the horizontal axis. Force acting on dislocations is¸ebL under the effective stress of¸e where b is the value of Burgers vector. The activation energy for dislocations to overcome the Peierls potential from the position x 1 to x 2 under the effective stress of¸e is:
Here, G is corresponding to the hatching area in Fig. 4 . Suppose the case with the deformation rate of _ ¾ 1 as shown in (a), G is an increasing function with respect to temperature (T 1 < T 2 < T 3 ). Assuming the specimen is brittle at T 1 , ductile at T 3 , and fracture mode changes at T 2 . T 1 , T 2 and T 3 correspond to the conditions of lower-shelf, BDT temperature Fig. 3 (a) Temperature dependence of impact absorbed energy from specimens with the grain size of 9 µm. BDT temperature increases with increasing deformation rate. (b) Arrhenius plot between deformation rate and BDT temperature. The activation energy was found to be 0.14 « 0.01 eV.
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Distance Fig. 4 Schematic drawing of the dependences of the activation energy for dislocation glide (G) on temperature and deformation rate
and upper-shelf in Fig. 3(a) , respectively. The activation energy obtained in Fig. 3(b) is defined as G 2 at T 2 , the BDT temperature with _ ¾ 1 . When the deformation rate is increased to _ ¾ 2 at T 2 as shown in (b), the activation energy decreases to G 0 1 and effective stress increases from¸e ;2 to¸e ;4 . The decrease in G at T 2 with increasing deformation rate induces the decrease in dislocation velocity as the dislocation velocity is given by an exponential function of G. The specimen becomes brittle again at T 2 under _ ¾ 2 . Test temperature needs to be increased for the specimen to be ductile again. T 3 is regarded as a new BDT temperature under _ ¾ 2 , where the values of G 0 2 and¸e ;4 are the same as those of G 2 and¸e ;2 , respectively. As the same manner, the BDT temperature under _ ¾ 3 is regarded as T 4 as shown in (c) where the value of G 00 2 with¸e ;8 is the same as those of G 0 2 and G 2 . Hence, the activation energy obtained from the Arrhenius plot in Fig. 3(b) indicates the value for dislocation glide at the BDT temperature.
Taking into account that the activation energy is a linear function with temperature, absorbed energy could linearly increase with temperature when dislocation density is a liner function of dislocation mobility. In this case, absorbed energy should gradually increase with temperature, which is not actually seen in specimens with conventional grain sizes in Fig. 3(a) . A kind of burst of dislocation multiplication is necessary 11) to explain the abrupt increase in the absorbed energy at the BDT temperature in Fig. 3(a) when the dislocation mobility (activation energy for dislocation glide) reaches to a certain value. Figure 5 shows temperature and grain size dependences of absorbed energy with the impact blade speed of 20 m/min, exhibiting that shapes of BDT curves are separated into three regions: lower-shelf, transition region and upper-shelf. Figure 6 shows SEM images of fracture surfaces of the specimens with grain sizes of 9 and 0.4 µm fractured at lower-shelf and upper-shelf. Fracture surfaces in Figs. 6(a) and 6(c) show inter-granular fracture, indicating a fracture mode in a brittle manner of the specimen with the grain size of 0.4 µm is the same as that of 9 µm. Figures 6(b) and 6(d) show dimples on the fracture surfaces, indicating that the both specimens fractured in a ductile manner at temperatures in upper-shelf. Here, grain refining reduces the density of segregated P at grain boundaries, which also influences the decrease in the BDT temperature. If fracture surfaces tested at lower-shelf changes from inter-granular fracture to transgranular one with grain refining, the effect of segregation of P at grain boundary should be significant. However, the fracture mode itself did not change in lower-shelf in this study with grain refining, which suggests that the effect of the change in P segregation on BDT temperature can be neglected. 
Enhancement of Low Temperature Toughness in Bulk Nanostructured Metals
When we define the BDT temperature is that at which the absorbed energy increases from lower-shelves, the BDT temperature is decreased with the decrease in the grain size as is expected from the relation between the grain size and the BDT temperature. 12) BDT curves from specimens with the grain sizes of 2 and 0.4 µm exhibit slightly different from those of 9 and 90 µm; (1) The BDT curves exhibit lower-shelf as those of 9 and 90 µm, but the absorbed energy slightly jumps at 139 K in the specimen with the grain size of 0.4 µm. This suggests that the dislocation velocity for the sudden increase in the dislocation density is lowered down to 139 K, leading to the decease in the BDT temperature. (2) The absorbed energy gradually increases with increasing temperatures up to upper-shelf after the slight jump at 143 K. This leads to the larger absorbed energy in the specimen with the grain size of 0.4 µm than that of 9 µm between 139 and 170 K, leading to the enhancement of low temperature toughness between those temperatures.
It is important to note here that there are different origins for enhancement of low temperature toughness; (1) The increase in the level of lower-shelf, corresponding to the increase in toughness in a brittle manner. This is due to the increase in Griffith level relating to atomic bonding. (2) Parallel shift of the temperature at which the absorbed energy abruptly increases. BDT curves just shift to left side (lower temperatures), where BDT temperature decreases as seen in Fig. 3(a) . (3) The change in the trend of temperature dependence of absorbed energy in the transition region. When the absorbed energy gradually increases, transition region becomes longer range of temperature as seen in the BDT curves of the specimens with the grain sizes of 2 and 0.4 µm in Fig. 5 .
The decrease in the BDT temperature in bulk nanostructured metals is due to the combination of (2) and (3). According to Orowan's equation of _ ¾ ¼ µbv where µ is mobile dislocation density, b is the value of Burgers vector and v is dislocation velocity, large number of mobile dislocations can compensate the decrease in the dislocation velocity. The abrupt increase in fracture toughness (absorbed energy) would occur with even lower dislocation velocity if the mobile dislocation density is increased, leading to the decrease in the BDT temperature. In bulk nanostructured Ti added ultra-low carbon steels, grain boundaries can be nucleation sites of dislocations. 13, 14) 
Conclusion
The abrupt increase in the absorbed energy at a brittle-toductile transition temperature in steels with coarse grains indicates that the number of dislocations suddenly increases at a certain value of dislocation velocity. The decrease in the BDT temperature in bulk nanostructured ultra-low carbon steels indicates that the abrupt increase in the number of dislocations can occur with lower dislocation velocity than that in coarse grains. The lower dislocation velocity should be compensated by the increase in the initial dislocation density at grain boundaries.
